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ABSTRACT

The start-up characteristics of a potassi-

um heat pipe were studied both analytically

and experimentally. Using the radiation heat

transfer mode the heat pipe was tested in a

vacuum chamber. The transition temperature

calculated for potassium was then compared

with the experimental results of the heat pipe

with various heat inputs. These results show

that the heat pipe was inactive until it

reached the transition temperature. In addi-

tion, during the start-up period, the evapora-

tor experienced dry-out with a heat input

smaller than the capillary limit calculated at

the steady state. However, when the working

fluid at the condenser was completely melted,

the evaporator was rewetted without external

aid. The start-up period was significantly

reduced with a large heat input.

NOMENCLATURE

Av : cross-sectional area of vapor space, m 2

A, : cross-sectional area of the wick

structure, m 2

D : diameter of vapor space, m

fv : friction coefficient

g : gravitational acceleration, m/sec z

hfg : latent heat of vaporization_ J/kg
K permeability of the wick, m

K n : Knudsen number

La : length of the adiabatic section, m

L c : length of the condenser section, m

Le : length of the evaporator section, m

M : molecular weight, kg/kmol

Ru : universal gas constant, N-m/kmol-K

r c : effective capillary radius, m

rv : radius of vapor space, m

Re v : Reynolds number based on the diameter

of vapor space

T* : transition temperature, K

T_ : initial temperature, K

T m : melting temperature, K

T, : steady state temperature, K

t : time

k : mean free path, m

_t : liquid viscosity, N-s/m 2

_w : vapor viscosity, N-s_m 2

Pt liquid density, kg/m _

Pv : vapor density, kg/m ]

G : surface tension, N/m

: heat pipe inclination angle, degree

INTRODUCTION

Because heat pipes are effective devices

for transporting large amounts of heat with

small temperature gradients, they have been

considered as elements of heat rejection

systems for space power systems (Juhasz, 1991)

and as heat receivers for solar dynamic space

power systems (Baker et al., 1990; Fujiwara et

al., 1990). For high temperature applications,

the working fluids in most liquid metal heat

pipes are entirely in the solid state at

ambient temperature while pressure in the

vapor space is extremely low so that free

molecular flow conditions prevail. Unlike for

low temperature heat pipes, these conditions

may cause the heat pipe to fail to operate;

they also complicate mathematical models of

liquid metal heat pipes during the start-up

period.

The start-up process for potassium and

sodium heat pipes from the frozen state has

been experimentally investigated by Deverall

et al. (1970), Tolubinsky et al. (1982), and

Ivanovskii et al. (1982). Vapor temperatures

measured by Ivanovskii et al. (1982) and

Faghri et al. (1991) indicated that different

flow regimes existed in the vapor space. Based

on those experimental results, mathematical

models have been devised by Jang (1988) and

Jang et al. (1990) to describe the start-up

behavior. The start-up process is rather

complicated due to the many phase changes of

the working substance, for instance from the



solid to vapor state, and different flow

regimes in the vapor space, for instance from

the free molecular to the continuum regime as

shown in Figure 1. The mathematical model

presented by Jang et al. (1990) exemplifies

the complexity of the governing equations and

boundary conditions for each start-up period.

Thus, simplification of the mathematical model

is needed to obtain solutions within reason-

able computer time.

t

Fig. 1 Description of the frozen start-up of

liquid metal heat pipes.

To simplify the mathematical model during

the frozen start-up, Jang (1988) and Jang et

al. (1990) suggested that the adiabatic bound-

ary condition could be applied at the inter-

face between the wick structure and the vapor

space when free molecular flow prevails in the

vapor space. An equation was derived to calcu-

late the transition temperature using kinetic

theory. However, a comparison between the

calculated transition temperature and any

experimental result was not made. Also, the

behavior of heat pipes at the transition

temperature range was not investigated.

During the start-up period, a part of the

working fluid is still in the solid state and

the heat pipes are partially operational.

Also, the vapor flowing to the condenser

section may freeze again at the interface of

the adjacent condenser section. Thus, dry-out

at the wick structure could occur with much

less heat input than at steady state opera-

tion; it takes considerable time for heat

pipes to become fully operational. However, no

analytical or numerical model in the archival

literature predicts dry-out during the start-

up period. Thus, qualitative information on

the difference between the capillary limits

during the start-up period and at the steady

state is needed to specify the proper heat

input during the start-up period. This heat

input could minimize the start-up period

without dry-out at the wick structure.

The objective of this paper is to present

analytical and experimental results of the

operation of a potassium heat pipe during the

start-up period which could be used to simpli-

fy the mathematical model and to achieve the

successful start-up of liquid metal heat

pipes. First, the transition temperatures from

free molecular flow to continuum flow for

potassium and sodium were calculated with

various vapor space diameters. Then the tran-

sition temperature for the potassium working

fluid was compared with the experimental

results. Finally, the capillary limits calcu-

lated for various operating temperatures were

compared to the capillary limit obtained

during the start-up test.

ANALYSIS

Transition Temperature

Since heat transfer is negligible within

the free molecular flow regime, a simplifica-

tion of the mathematical model could be

achieved by neglecting the free molecular flow

in the vapor space. For this purpose, some

criterion is needed to define the region where

free molecular flow prevails. The ratio of the

mean free path to a characteristic length is

the parameter used to define the flow regime.

This parameter is called the Knudsen number

(Eckert and Drake, 1972), and is defined by

K =! (1)
. D

where the diameter of the vapor space, D, is

used as a characteristic length and A is the

mean free path. When the mean free path is

very small in comparison with a characteristic

length of the vapor space, i.e., K, _ 0.01, it

is assumed that continuum flow is established.

For K, - 0.01, the transition temperature,

T', from free molecular flow to continuum flow

corresponding to a given characteristic length

for the vapor space is derived using the

kinetic theory of gases as follows (Jang,

1988):

T'- _ M( P__)2 (2)

2 x 1"0 -4 R, p_

where M is the molecular weight of the working

fluid, R, is the universal gas constant, _v is

the vapor viscosity, and Pv is the vapor densi-

ty. To obtain T" numerous iterations are re-

quired because the physical properties are

temperature-dependent. The continuum flow

regime is assumed to be prevalent when the

vapor temperature is greater than the transi-

tion temperature. The transition temperatures

for potassium and sodium were calculated using

Equation (2). The transition temperature

dezreases with increasing vapor space diameter

as shown in Figure 2. In addition, the transi-

tion temperature of sodium is greater than

that of potassium by about I00 K.

Maximum Capillary Limits

The vapor flow was assumed to be laminar

and incompressible since the Reynolds number

for the maximum heat transfer of 1250 watts

used for the experiment was less than 2300.

Uniform heat flux distributions along the
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Transition temperatures with various

vapor space diameters for potassium and sodi-
um.

evaporator and condenser sections were as-
sumed. Since the actual radii of curvature of

the meniscus at the liquid-vapor interface are

unknown, the maximum possible capillary limits
were calculated for a given geometry of the
wick structure at the steady state conditions.

The capillary limitation was determined using
the following expressions (Chi, 1976):

(OL)¢"=x (3)
Qc,mx= 0.5L +La+O.5L c

(QL) c,_==

20
-- -plgdvcos_
r c (4)

F I+Fv

where the frictional coefficients for the

liquid and vapor flows are defined as follows:

To measure the surface temperature of the

heat pipe, a total of nine Chromel-alumel
thermocouples (Type K) were installed on the
surface of the heat pipe wall; each thermocou-
ple was alternately placed 180 degrees apart

along the circumference as shown in Figure 3.
In addition, two thermocouples were placed at

Table i. Physical Dimensions of the Potassium
Heat Pipe.

Pipe wall material
Pipe O.D.

Pipe I.D.
Pipe length
Wick material
Screen Mesh number

Wick thickness
Wick wire diameter

Porosity of wick
Vapor space diameter

Working fluid
Fluid charge

Evaporator length
Condenser length

Stainless steel
2.54 cm
2.21 cm

45.72 cm
Stainless steel
15.748 cm "I

0.1016 cm

0.0254 cm
0.67
2.007 cm
Potassium

26 g
13.9 cm
30.48 cm

Cooling Shroud Radiation Sl'_eld
n _ nm _ n
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PotassiumHeatPipe / I J-
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• T)IDe KVtzm_ocoulpb (C/twom_/Mumel)

Locatio. ofthermocouplesfromend capof theevaporalor

TC # Location,cm TC # Location,cm
1 0.0 7 27.94
2 2.54 8 33O2
3 7.62 9 38.1
4 12.7 10 43.18
5 17.78 11 45.72
6 22.86

_i (5)
FI- KA_p lh_g

Fig. 3 Configuration of heater, cooling
shroud, and radiation shields and thermocouple
locations.

Fv = (fvRev) i*v
2rJAvPvhtg

(6)

EXPERIMENTAL SETUP

A potassium heat pipe with a screen wick
structure was used to conduct the experimental
studies in a vacuum chamber. The total length

of the heat pipe was 45.72 cm and the outer
diameter of the heat pipe was 2.54 cm. The

heat pipe wall and wick structure were made of
stainless steel. Table 1 shows dimensions and

materials of the potassium heat pipe.

the end caps of the evaporator and condenser
sections. All thermocouples were connected to
a data logger (Fluke 2880A) and the data was
stored on a personal computer using communica-

tion software. Temperatures were measured

every 30 seconds, with the temperature mea-
surement accuracy of ± 0.6 K.

A silicon carbide heater applied heat by

radiative heat transfer. The length of heating
element was 20.32 cm with an outer diameter of

5.4 cm. The electric resistance of the heater
was 1.56 ohms at ambient temperature. Figure 3

illustrates the configuration of the heater
and heat pipe setup. Machinable ceramic parts
were used to maintain the gap between the

heater and the heat pipe. A digital multimeter

(Fluke 8520A) and ammeter were installed to
measure electrical power to the heater. Heat



input measurement accuracy is ± 2.5 % of heat

input. The heater was insulated by a radiation

shield.

A copper cooling shroud extracted heat

energy from the condenser section as shown in

Figure 3. The length of the shroud was 35.56

cm with a diameter of 10.16 cm. Also, a 0.635

cm diameter copper tube was wrapped at about

2.54 cm intervals to circulate coolant. A

mixture of 50 volume percent ethylene glycol

in water was used for coolant. The inside

surface was painted with black paint. One

thermocouple was installed at the center of

the shroud to measure the shroud temperature.

The inlet and outlet coolant temperatures and

flow rate were measured to determine total

heat transport. A variable area flow meter

measured the flow rate with an uncertainty of

± 1 ml/sec. A chiller supplied coolant at a

constant inlet temperature. The temperature

stability of this unit is ± 0.i K.

To simulate space environments, where

radiation is the major heat transfer mode, the

entire experimental setup was placed in the

vacuum chamber, as shown in Figure 4. The

vacuum chamber provided a physical barrier in

case there was leaking of the working fluid.

Prior to testing the heat pipe, the chamber

was pumped down to a pressure of 3.5 x 10 .4 mm

Hg (Torr), which was the minimum pressure

achieved. During the tests of the heat pipe,

this pressure was maintained in the chamber.
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Fig. 4 Schematic diagram of experimental

setup for a potassium heat pipe.

RADIATION SHIELD AND HEAT LOSS

A seventeen-layer radiation shield reduced

heat losses from the silicon carbide heater.

Each layer was made of 0.0127 cm thick stain-

less steel sheet and separated by an eight

mesh screen made of 0.0432 cm diameter wires

to keep a uniform gap. For convenience of

fabrication, a single layer of stainless steel

together with a single layer of screen was

spirally rolled to form the seventeen layers.

The ends of the sheet were then welded. To

measure temperature drops across the seven-

teen-layer radiation shield, six chromel-

alumel thermocouples were installed at the

first and last layers.

Even though the radiation shield was

installed to minimize the heat losses from the

heater in the radial direction, the heat

losses at the ends of the heater in the axial

direction still occurred through the ceramic

disks which are located between the cooling

shroud and the heater, as shown in Figure 3.

The axial heat losses from the heater end to

the adjacent cooling shroud increased the

coolant outlet temperature. Thus, the total

heat transport to the cooling shroud consisted

of the heat transfer from both the heat pipe

and the heater end. Heat transport from the

heater end to the cooling shroud was estimat-

ed.

For this purpose, the heat pipe was re-

placed by a hollow pipe which had the same

size and same stainless steel material. Then

the experimental setup was installed in the

same vacuum chamber and maintained in the same

environmental condition. All tests were con-

ducted using various heat inputs in the vacuum

environment. Also, coolant was circulated at a

constant flow rate of 27 ml/sec through the

cooling shroud. At the steady state, the heat

transport from the heater to the cooling

shroud was estimated using the temperature

difference between the inlet and outlet tem-

peratures of the coolant and the coolant flow

rate for various test cases. Then the heat

transport to the coolant verse temperatures

measured at the inner layer of the radiation

shields was plotted as shown in Figure 5.
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Fig. 5 Test results of the experimental

setup without the heat pipe.

During the actual heat pipe tests, the net

heat transport through the heat pipe was

calculated. Total heat transport was estimated

using the temperature difference between the

inlet and outlet temperatures of the coolant

and the coolant flow rate. Also, the heat

transport from the heater end to the cooling

shroud was estimated using Figure 5; this

value was then subtracted from the total heat

transport to obtain the net heat transport

through the heat pipe. Energy balances made

using this method showed that heat losses from

the experimental setup were about 26.5 to 42.8

percent of the heat input, depending on the

operating temperature. These heat losses are



relatively larger than those in low tempera-
ture heat pipe tests.

RESULTSAND DISCUSSION

TO investigate the start-up behavior, the

potassium heat pipe was tested using a con-

stant heat input of 500 watts in a vacuum

environment. The surface temperature distribu-

tions during this test and the transition

temperature of 567 K calculated using Equation

(2) for the vapor space diameter of the potas-

sium heat pipe are shown in Figures 6a and 6b.

Also, the melting temperature (337 K) of the

potassium working fluid is illustrated. Since

the surface temperatures at the evaporator are

greater than the vapor temperature, an exact

comparison cannot be achieved without measur-

ing the vapor temperature directly. However,

i
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Fig. 6a,b Axial heat pipe temperature distri-

butions during the start-up period with heat

transport of 285.1 W.

the temperature drop across the pipe wall and

the wick structure was calculated for the

given heat input and heat pipe dimension when

the vapor temperature was assumed to be the

transition temperature. This temperature drop

was about 14 K. When the vapor temperature

reached the transition temperature, the corre-

sponding surface temperature at the evaporator

would be 581 K.

As shown in Figures 6a and 6b the surface

temperatures at the evaporator increased

rapidly up to the transition temperature,

while temperatures at the condenser remained

at about the initial temperature. Large axial

temperature gradients were developed between

the evaporator and condenser sections even

though temperatures at the evaporator were

greater than the melting temperature of potas-

sium. This type of temperature profile has

been observed when the evaporator underwent

dry-out. Thus, the temperature distributions

indicate that there is no significant evapora-

tion of the working fluid at the evaporator

and no significant vapor flow in the vapor

space. The vapor pressure corresponding to the

transition temperature is about 35 x 10 .4

N/cm 2. Therefore, the heat pipe was completely

inactive.

When temperatures at the evaporator rose

above the transition temperature, the rate of

temperature increase at the evaporator slowed

and the evaporator became near isothermal.

Also, the temperature increase at the adjacent

condenser section was accelerated. While

temperatures at the condenser increased to the

transition temperature, those at the evapora-

tor remained almost constant until the end of

condenser exceeded the transition temperature.

These temperature distributions imply that the

vaporization of the working fluid at the

evaporator and the vapor flow in the vapor

space were significant during this period.

Thus, the measured temperature distributions

showed that the heat pipe behaved as predicted

around the transition temperature. Once the

heat pipe reached near isothermal conditions,

the heat pipe temperatures increased further

until steady state conditions were estab-

-_ lished.
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_ndenser end _p ....... |
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Fig. 7 Temperature history at the evaporator

and condenser end caps for various heat inputs

during the startup period.

Figure 7 shows the temperature history at

the evaporator and condenser end caps with



various heat inputs. For small heat inputs,

the similar start-up behavior was predicted as

shown in Figure 6a and the start-up process

was much slower than for large heat inputs.

For large heat inputs, the slower rate of

temperature increase at the evaporator oc-

curred at a higher temperature than the tran-

sition temperature since the heat input could

be much larger than the heat removed by vapor-

ization of the working fluid. Also, the tem-

perature drop across the pipe wall and wick

structure could be large. The start-up period

was significantly reduced with a large heat

input. For example, a tenfold increase in heat

input resulted in about a tenfold faster

start-up as long as the capillary limit was

not exceeded.

To summarize the experimental results, the

start-up process characteristics of the liquid

metal heat pipe are described as shown in

Figure 8. Also, the status of the working

fluid in the wick structure and the flow

regime in the vapor space were predicted. When

the heat pipe temperature at the evaporator

end cap is lower than the transition tempera-

ture (T'), the vapor pressure and the vapor

density of the working fluid are extremely

low; for example, 35 x 10 .4 N/cm 2 and 2.66 x i0"

T g/cm 3, respectively, at the transition tem-

perature (567 K) for potassium. Thus, for time

t < tz, the mode of heat transfer is mainly

conduction along the pipe wall and wick struc-

ture. To simplify the mathematical model, an

adiabatic boundary condition could be imposed

at the interface between the wick and vapor

space by neglecting the vapor flow. Also, For

t 2 S t < t4 the continuum flow regime is estab-

lished in part of the vapor space but the

adiabatic boundary condition could still be

applied at the interface, excluding the con-

tinuum flow regime. For t > t4, the entire

heat pipe is active.
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Fig. 8 A schematic diagram of the start-up

process for liquid metal heat pipes.

Figure 9 shows the surface temperature

distributions on the heat pipe when the evapo-

rator experienced dry-out during the start-up

period. The constant heat input of 1700 watts

to the heater and the heat transport of 1250

watts (a radial heat flux of 17.75 W/cm 2)

through the heat pipe were measured at the

steady state temperature (1122 K). The temper-

ature distributions at the evaporator indicat-

ed that dry-out occurred before the working

fluid at the condenser melted completely.

However, later, the wick structure was rewett-

ed by itself and the heat pipe performed well

until it reached the steady state. Apparently

the amount of liquid potassium returning from

the condenser section was insufficient during

the start-up process. Therefore, the heat

input should be maintained at a value that is

less than the heat transport capability at the

steady state until the entire working fluid is

completely melted.
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Fig. 9 Temperature distributions for the case

of experiencing dry-out at the evaporator

during the start-up period.
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Fig. i0 Heat transport limits and actual

axial heat transport for the potassium heat

pipe at various operating temperatures.

Figure I0 shows the sonic limit, capillary

limit, and experimental results for five

different heat transports (286, 435, 788,

1008, 1250 W). A constant heat input was

applied at the evaporator during the entire

test period. The sonic limit was calculated

using the expression given by Chi (1976),

while the capillary limit was estimated using



Equation (4), assuming the working fluid is

entirely in the liquid state. For the useful

operating temperature range of 700 K to 1200

K, the average capillary limit calculated was

about 1551 watts for the potassium heat pipe

tested. For an operating temperature of 1122

K, dry-out was observed during the start-up

period as shown in Figure 9 even though the

actual axial heat transfer of 1250 watts was

less than the capillary limit. A comparison

shows that the axial heat transfer in the case

of dry-out was 80.6 percent of the average

capillary limit (1551 watts). When the heat

(1008 watts) equivalent to 65 percent of the

average capillary limit was transferred, dry-

out was not experienced during the entire

operation and the heat pipe temperature

reached about 1080 K at the steady state.

CONCLUSIONS AND REMARKS

A potassium heat pipe was tested with

various heat inputs in a vacuum. The transi-

tion temperatures were calculated for potassi-

um and sodium working fluids at various vapor

space diameters. A comparison of the experi-

mental results with the transition temperature

for potassium showed that the heat pipe did

not work until temperatures at the evaporator

reached the transition temperature. Thus,

vapor flow could be neglected to simplify the

mathematical model when heat pipe temperatures

are lower than the transition temperature.

During the start-up period, larger heat inputs

yielded faster start-ups, but heat input

should be maintained at a level much less than

the capillary limit at the steady state.

Further analysis for liquid flow, including

phase change during the start-up period, is

needed to predict the maximum allowable heat

input.
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